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vSUMMARY
This thesis examines the drying of hardwood timber with particular reference to
blackbutt (Eucalyptus pilularis) in a solar kiln. This species was chosen because it
represents 90% of the timber processed by Boral Timber's Herons Creek site, NSW,
Australia, which is a large processing site in New South Wales. The aims of this thesis
were to develop an optimised drying schedule for drying blackbutt and to develop and
validate a mathematical model for a solar kiln.
In the first stage of this thesis, the cross-grain physical and mechanical properties
were determined for blackbutt timber so that optimised drying schedules could be
developed. These cross-grain mechanical properties are not available in the open
literature. Experimental data have been measured to determine the diffusion, transport
and shrinkage strain parameters for blackbutt timber. The reference diffusion
coefficient for cross-grain drying is 1.15×10-5 m2 s-1, and the activation energy is 3730
K. The value of the shrinkage coefficient is 0.348 m m-1/ kg kg-1. The green modulus
of elasticity was 404 MPa across the grain for blackbutt timber samples. The
viscoelastic, mechanosorptive and shrinkage strain components have also been
estimated. The viscoelastic strain appears to be negligible, but the mechanosorptive
strain may be up to 0.021 m m-1, and the shrinkage strain may be up to 0.05 m m-1.
The range of mechanosorptive coefficients determined was 7.23×10-8 to 2.92×10-9
(Pa-1) for blackbutt. These data are generally comparable with the data reported by
other workers for other species of hardwood timber.
An optimised schedule (based on drying within a limiting strain envelope) has
been developed using model predictive control techniques for drying 43 mm thick
(green) blackbutt timber boards in solar kilns. It has been tested in the laboratory. The
drying time was 10% shorter for this schedule (though the initial moisture content was
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10% higher) than the original schedule, compared with an expected reduction in
drying time of 14% (relative to the original schedule). Overall the quality was slightly
better and the drying time was shorter for the optimised schedule compared with the
original schedule.
The sensitivities of the optimised schedule have been assessed to variations in the
board thickness (within the common production range and due to imperfect cutting),
the mechanosorptive coefficient, the diffusion coefficient and the shrinkage
coefficient. It was predicted that the board thickness significantly influences the
drying rate. For example, the schedule is predicted to be 33% slower for 54 mm thick
boards compared with 43 mm thick boards, which agrees well with the literature. The
mechanosorptive coefficient is predicted to have a significant effect on the
development of maximum instantaneous strain. For the optimised schedule, the
maximum instantaneous strain is likely to be 62% lower when including the
mechanosorptive effect, compared with neglecting this effect. A 10% reduction from
a shrinkage coefficient of 0.348 m m-1/ kg kg-1 for blackbutt (determined from
experiment) produced about a 10% lower maximum instantaneous strain. The drying
time was 8% longer for a 10% lower reference diffusion coefficient than the base case
(1.145×10-5 m2 s-1). This prediction was consistent with the results found by other
workers.
It appears from the simulation that these parameters (diffusion and shrinkage
coefficients) need to be measured because these properties have a significant effect on
the optimised schedules. However, it may not be so important to measure parameters
such as the modulus of elasticity so carefully, which have less effect on the optimised
schedules, and literature values for similar species may be used. Overall, the
production of a successful optimised drying schedule has been carried out, and
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implementation in industrial practice is recommended.
A complete solar kiln model has been developed based on an energy flow model
for a solar kiln originally explored and developed in Oxford. The model has been
adapted from being applied to the design of the Oxford kiln to that of the solar kiln on
the Boral site. The stack-wide drying model (i.e. a series of single-board models) has
been added to the energy flow model. The stack-wide effect in the solar kilns has been
assessed using model predictions and experimentally. The modified solar kiln model
indicates that the maximum difference between the moisture contents of the leading
and trailing boards is 0.011 kg kg-1 for relatively harsh solar drying conditions (dry
and wet-bulb temperatures of 60oC and 50oC, respectively). This difference is
insignificant relative to timber moisture contents of 0.15-0.35 kg kg-1, suggesting that
the stack-wide effect may be ignored for this greenhouse design (low temperature
hardwood drying), reducing the complexity and the simulation time by over 50%. The
absence of a significant stack-wide effect in this case has also been confirmed
experimentally.
The actual performance of the Boral solar kiln has been assessed. The kiln control
system was not very good, when the actual internal air temperatures and relative
humidities are compared with their set points. The calculated ranges of the integrals of
the absolute errors for the internal air temperature and the relative humidity were 4.7
to 9.7oC and 6.4 to 11.5%, respectively. The ranges of the integrals of the root mean
square errors were 6.4 to 12.5oC and 8 to 14.3%, for temperature and relative
humidity, respectively. However, there was no significant correlation found between
the control quality and the product quality for structural grade timber.
A complete system model for this solar kiln has been validated based on
comparisons between the predicted and the measured internal air temperatures,
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relative humidities and timber moisture contents. Firstly, a reduced energy release rate
(69.5 kW) from the measured heat exchanger output (139 kW) improved the
agreement significantly between the simulation predictions and the measurements.
There is a significant uncertainty in the measurement of the heat exchanger output,
since there would have been substantial energy losses from about 150 m of the
unlagged steam pipes between the boiler and the solar kiln. Since halving the heat
exchanger output gave a much better agreement between simulation predictions and
the measurements, this simulation has been regarded as the base case. The maximum
difference between the actual and predicted moisture contents (the base case) was
0.05 kg kg-1. To explain this mismatch, further analysis has been carried out to assess
other uncertainties, which include the impact of uncertainties in the estimation of the
initial moisture content, in the accumulation of condensate on the floor, in the
estimation of sky temperature, kiln design variables and operating variables. The
significant uncertainty (18%) in the estimation of the initial moisture content is a key
reason for the mismatch between the model prediction and the measurements.
Convection and radiation energy losses were predicted to be up to 17 kW and 73
kW, respectively, from the simulation, similar to the results of other workers, in terms
of the ratio for the convection loss to the radiation loss. The largest three radiation
loss terms were the radiation from the roof to the sky, the radiation from the walls to
the sky, and the radiation from the walls to the ambient environment. Since the
radiation loss involves the sky temperature, the uncertainty in several correlations for
the estimation of the sky temperature was analysed. The uncertainty in the sky
temperature may explain some of the mismatch between predicted and observed final
moisture contents, in addition to the uncertainty in the initial moisture content.
Among the other uncertainties and kiln operating variables, the energy release rate
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from the heat exchanger had the greatest effect. This effect was only significant after
27 days, when the heat exchanger was used. The agreement between the predicted and
measured temperatures of the internal air is reasonable, and both the predictions and
measurements have a similar cyclical pattern. There was a maximum difference of
about 10oC between the predicted and measured temperatures until 27 days after the
start of drying. The maximum difference between the predicted and the measured
temperatures was 5oC for the later period of drying when there was additional heat
input from the steam heat exchanger. The agreement between the predicted and
measured relative humidities was better at the beginning of the drying run (until 43
days) than the later period of drying when the heat exchanger was continuously used.
Initially the maximum difference was between 10 to 15% (relative humidity) and the
maximum difference after 44 days was 20 to 25%.
Neglecting the radiation loss term from the stack to the ambient environment is
also predicted to affect the discrepancy between the predicted and observed final
moisture contents, suggesting that the area involved in this heat transfer term needs to
be measured very carefully (as was done here).
Regarding the operation of the solar kiln, the following lessons may be gained
from the sensitivity study carried out using the overall model. In terms of operating
variables, the water spray rate may be halved, which is predicted to increase the
drying rate slightly without having any large effect on internal air temperature and
humidity and stress/strain levels. The current venting amount is suggested to be
maintained based on the simulation results, which showed that more venting did not
increase the drying rate and stress/strain levels significantly.
Regarding design aspects of solar kilns, the sensitivity study suggested the
following points. The simulation showed that the radiation loss is larger than the
xconvection loss in the solar kiln and that the amount of thermal radiation leaving the
kiln depends on a number of factors, including the transmissivity of the walls and the
roof to thermal radiation. Hence a material with a lower transmissivity to thermal
radiation may effectively lower radiation losses, improving the kiln performance, so
searching for such materials is a high priority. The simulation showed that a slight
reduction in the transmissivity of the plastic cover to solar radiation had a significant
effect on the drying rate. Thus using more transparent polycarbonate sheets (to solar
radiation) as glazing compared with polythene is likely to be more effective for
improving the heat input rate to the solar kiln.
Regarding data quantities for simulating kiln performance, the simulation results
showed that the data for the boundary conditions, i.e. solar radiation, wind velocity,
ambient temperatures and relative humidities, averaged every hour were adequate for
reasonably accurate predictions of key outputs, i.e. the moisture contents (within
0.1%) and internal air temperature and humidity. However, the same data averaged at
one day and at one week intervals predicted 4% lower moisture contents than the base
case prediction.
The generally good agreement between the model prediction of the final moisture
content and its measurement may be due to the careful measurement of the boundary
conditions such as the solar energy input. Some of these conditions (e.g. solar energy
input) have a significant impact on the model predictions and have been measured
here very carefully (e.g. ± 2% for solar energy).
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GLOSSARY OF TERMS IN TIMBER PROCESSSING
Air dried: Wood which has been subjected to air drying. Air dried wood may be
expected to have moisture contents in the range from 18 to 25% depending upon the
climate.
Air drying: A method of drying timber by exposure to natural atmospheric
conditions.
Air velocity: The velocity of air as it leaves the sticker spaces.
Average moisture content of a load: An estimated value calculated by averaging
moisture content values obtained from several samples in the load. Also, the average
of all the moisture contents in a single board of wood.
Bound water: Water in the wood that is associated with the cell wall material.
Casehardening: A drying defect characterised by the presence of compression
stresses in the outer zone and tensile stresses in the core of a timber board. It occurs
when rapid drying has caused permanent set of the outer zones of a piece of wood.
Cellulose: The carbohydrate that is the principal constituent of wood and forms
the framework of wood cells.
Charge: All of the timber that is loaded in a kiln for drying (made up of stacks). A
charge contains five stacks (5 stacks or 20 packs) in a 120 m3 solar kiln at Boral
Timber's Herons Creek site.
Check: A drying defect which occurs when tensile stresses cause the wood fibres
to separate and form cracks. Checks are cracks that are visible at the surface but do
not extend across a piece.
Collapse: Excessive and often uneven shrinkage during drying caused by the
collapse or buckling of the cell walls.
Conditioning treatment: A treatment applied to equilibrate the moisture content
of wood to a particular value.
Diffusion: Movement of water through wood from points of high concentration to
points of low concentration due to random molecular movement from regions of high
to low chemical potential.
Distortion (warp): A drying defect caused by the differential shrinkage along the
three axes of a piece of wood. Distortion may take the form of cup, bow, twist, spring
or diamonding.
Drying: The process of removing moisture from wood to improve its
serviceability in use. It is also termed seasoning.
Drying defect: A feature developed during drying which may decrease the value
of a piece of timber. Defect is also termed degrade.
Drying schedule: A sequence of kiln conditions, temperatures and humidities,
which result in a gradual decrease in the moisture content of the wood. There are
standard schedules varying from mild to severe for drying a particular board thickness
and particular species of timber. Timber species are assigned to a schedule which will
achieve the fastest drying rate with an acceptably low level of degrade.
xxiii
Drying stress: The force per unit area that occurs in some zones of drying wood
as a result of uneven shrinkage in response to the moisture content gradients that
develop in wood.
Equlibrium moisture content (EMC): The eventual moisture content attained by
wood at any given level of relative humidity and temperature in the surrounding
atmosphere.
Extractives: These additional components in wood are the substances other than
the major cell-wall components, i.e. cellulose, hemicelluloses and lignin. These
additional components are often termed extractives because they can, to a large
extent, be extracted from wood with cold and hot water or neutral organic solvents,
such as alcohol, benzene, acetone or ether, without destroying the structure of wood.
Extractives are a variety of organic compounds including fats, waxes, alkaloids,
proteins, simple and complex phenolic compounds such as flavonoids, stilbenes,
quinone and lignans, simple latex, terpenes, and other complex organic compounds
including dyes and colouring materials.
Fibre saturation point: The theoretical point when all water is evaporated from
the cell cavities, but the cell walls are still fully saturated with moisture.
Flat-sawn: If a log is sawn in such a way that the tangential face of a board is
exposed on the surface, then the timber board is said to be flat-sawn; this is the same
as plain-sawn or back-sawn.
Free water: Water in wood that is found in the cell cavities, either in the liquid
form or as a gas.
Gluts:  A piece of wood, generally a 100 mm square section (a baulk), which is
used to separate packs in a stack. This is also called a bolster.
Grain: The direction, size, arrangement, appearance, or quality of fibres in timber.
The direction (or plane) at right angles to the length of the fibres and other
longitudinal elements in the wood is termed "across the grain", whereas the direction
(or plane) parallel to the length of the fibres and other longitudinal elements in the
wood is termed "along the grain".
Green: Freshly sawn or undried wood or wood which still contains its original
free moisture.
Heartwood: The inner core of a woody stem (or a log), generally distinguishable
from the outer portion (sapwood) by its darker colour.
Honeycombing: A drying defect that occurs when tensile stress in the core results
in the formation of internal cavities.
Hygrometric (also psychometric) chart: A chart with an established relationship
between the dry-bulb temperature, wet-bulb temperature, and the relative humidity of
air (any drying medium, such as nitrogen).
Kiln: A closed chamber in which the air temperature, humidity and velocity can
be adjusted to control the drying of timber. This is generally used in the context of a
conventional kiln.
Kiln dried: Wood that has been dried in a kiln, often to a specified moisture
content.
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Kiln drying: A method of drying in which air temperature, humidity and velocity
can be adjusted to control the loss of moisture from wood and enable particular or
specified moisture contents to be achieved. This is generally used in the context of
conventional kiln drying.
Kiln operator: In kiln drying, the supervisor or person responsible for the
operation of kilns and the related equipment (e.g. boiler and steam system).
Moisture content: This is the total amount of water contained in a piece of wood.
In timber technology, moisture content is expressed as a percentage of the oven dry
weight. Moisture content determinations with the oven drying method give an average
moisture content for the piece; actual moisture contents at different locations within
this piece may vary quite considerably depending on the moisture gradients and
drying characteristics of the particular timber species. The average moisture content at
the beginning of the drying process for test pieces and kiln samples is termed the
initial moisture content, and the average moisture content of the stack at the end of
drying is termed the final moisture content.
Moisture gradient: A progressive difference in moisture content between the core
and the surface of a piece of wood.
Movement: The extent of expansion and contraction that occurs with dried wood
as its moisture content responds to the change in relative humidity in service.
Multiseriate: A ray consisting of several rows of cells, as viewed in a tangential
section.
Pack: Timber boards stripped in discrete bundles for transport or placing in a kiln.
Boards are separated using sticks or stickers. A pack is usually 1 m high and 1.8 m
wide, with variable lengths. A pack is also called a pile, a unit package.
Parenchyma: Tissue consisting of short, relatively thin-walled cells concerned
primarily with storage and distribution of carbohydrates; used specifically for axial
parenchyma which occur in strands along the grain; may be visible with a hand lens
on the transverse surface of wood as dots, as sheaths about pores, or as broken or
continuous lines or bands.
Permanent set: A change in the properties of wood that can occur during drying
when the stresses exceed the elastic limit. Permanent set prevents normal shrinkage of
the timber and can lead to more obvious defects such as casehardening and
honeycombing.
Permeability: A measure of the ease with which fluids are transported through a
porous solid under the influence of some driving forces, e.g. capillary pressure
gradient or moisture gradient.
Pit: A recess (opening) in the secondary wall of a cell, together with its external
closing membrane; open internally to the lumen.
Porosity: The volume fraction of void space in a solid.
Pre-drying: A wood drying process carried out by air drying, solar drying or in a
predryer before kiln drying.
Quarter-sawn: The wide face of the board is the radial face of the log.
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Ray tissue: A ribbon-shaped strand of tissue extending in the radial direction
across the grain, so orientated that the face of the ribbon is exposed as a fleck on the
quarter-sawn surface.
Reconditioning treatment: A high temperature and high relative humidity
(100%) treatment applied after drying to restore the shape of collapsed or distorted
wood.
Refractory: In timber drying, this term is used to indicate high resistance to
moisture loss during drying, difficulty in drying or working.
Relative humidity: At a given temperature, this is the amount of moisture in the
air as a percentage of the maximum moisture carrying capacity of the air, specifically
the water vapour pressure as a percentage of the saturated water vapour pressure.
Sample: In timber drying, the term 'sample' refers to just one of several pieces of
wood which are used to monitor the drying of a particular load.
Sapwood: The outer (younger) portion of a woody stem (or log), usually
distinguishable from the core (heartwood) by its lighter colour.
Shrinkage: The reduction in the size of a piece of wood that occurs during drying.
Sometimes shrinkage is expressed as the percentage reduction in size that occurs
along a particular axis when the moisture content of a piece of wood is decreased
from green to 12%.
Solar dryer (solar kiln): A forced-air dryer or low temperature kiln in which
mainly solar energy is used for heating and/or in combination with steam heating.
Sorption isotherm: A plot of the equilibrium moisture content as a function of
relative humidity at constant temperature yields the moisture isotherm. This often
represents the desorption isotherm (when drying), and the adsorption isotherm
corresponds to wetting.
Split: A drying defect that occurs when tensile stresses cause the wood fibres to
separate and form cracks. Splits are cracks that extend across a piece.
Stack: A single stack of timber is usually made up of several packs from the kiln
floor to the ceiling of the charge for solar kiln. In the solar kiln at Herons Creek, a
stack consists of four packs that can be accommodated for a charge. This is also called
a load.
Sticker: A strip made from wood or another material (for example, 20 to 25 mm
square section and 1.8 m long), that is placed between layers of boards in a pack.
Stickers are placed at right angles to the long axis of the stock, to permit air to
circulate between the layers. These are also called sticks or spacers or fillets.
Temperature: The temperature of air indicated by any temperature-measuring
device with an uncovered sensitive element or bulb is termed the dry-bulb
temperature. The temperature indicated by any temperature-measuring device with a
sensitive element that is covered by a water-saturated cloth (wick) is termed the wet-
bulb temperature.
Test section: A small cross section taken from a sample and used to determine
moisture content, moisture distribution, or the presence of casehardening.
Tracheids: This is a fibrous lignified cell with bordered pits and imperforate
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(without opening) ends; in softwoods, the tracheids are very long (up to more than 7
mm) and are equipped with large, prominent bordered pits on their radial walls;
tracheids in hardwoods are shorter fibrous cells (seldom over 1.5 mm), are as long as
the vessel elements with which they are associated, and possess small bordered pits.
Tyloses: (singular tylosis) These are saclike or cystlike structures that sometimes
develop in a vessel and rarely in a fibre through the proliferation of the protoplast
(living contents) of parenchyma cell through a pit pair.
Uniseriate: This is a ray that is one cell wide, as viewed in tangential section.
Vent: In kiln drying, this is an opening in the kiln roof or wall that can be opened
and closed to control the relative humidity of the air within the kiln.
Vessel: This is a tubelike structure of indeterminate length in porous wood;
formed through the fusion of the cells in a longitudinal row and the perforation of
common walls in one of many ways.
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